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Abstract 
Multi-channel calibration is essential for detecting moving targets as well as for estimating their positions and velocities 
accurately. This paper presents an efficient calibration algorithm for along-track multi-channel systems, in particular for 
space-time adaptive processing (STAP) techniques. The proposed algorithm corrects not only the phase and magnitude 
offsets among the receive channels, but also the Doppler centroid variation considering the range dependency and the 
aircraft’s motion. Important parameters and offsets are estimated directly from the radar range-compressed data. The 
proposed algorithm is evaluated based on real multi-channel X-band data acquired by the DLR’s airborne system F-
SAR. The experimental results show the potential of the proposed algorithm for traffic monitoring applications. 
 
1 Introduction 
In practice, it is not possible to build absolutely identical 
antennas and receive channels with the same electrical 
characteristics and time delays. Therefore, the transfer 
functions and the antenna gain patterns of the receive 
channels differ from each other and need to be character-
ized or equalized [1], especially for multi-channel tech-
niques that make use of the sum and difference channels. 
For instance, the different transmitting (TX) and receiving 
(RX) antenna characteristics can be measured or estimat-
ed, and then incorporated into the direction-of-arrival 
(DOA) vector [2]. Usually, external calibration is required 
for compensating different time delays between the RX 
channels. Remaining phase and magnitude offsets can be 
estimated from the radar data. In addition, precise 
knowledge of the along-track baselines between the mul-
tiple RX channels is important for estimating DOA angles 
accurately, which affect the position and the velocity es-
timates of the targets. 
Figure 1 shows the acquisition geometry of the DLR’s 
airborne system F-SAR with four RX channels. An error 
on the target’s DOA angle (ΨDOA) estimation may be ob-
tained due to phase and magnitude offsets. In this case, a 
proper calibration algorithm is required for ensuring an 
accurate DOA angle estimation of the target. 
 
 
Figure 1: F-SAR acquisition geometry with four RX 
channels. An error on the target’s DOA angle estimation 
may be caused by imbalances on the RX channels. 
 
An elegant and robust method for digital channel balanc-
ing (DCB) was introduced in [3] and discussed in detail in 
[1]. In this method, the RX channels are balanced with 
respect to a reference channel by performing an iterative 
approach in the two-dimensional frequency domain, so 
that residual phase and magnitude offsets are corrected. In 
addition, along-track baselines among RX channels can 
be estimated accurately in the range-Doppler domain [1]. 
An interesting review about calibration techniques was 
presented in [4], in which simple algorithms (e.g., based 
on one- and two-dimensional co-registrations) and more 
sophisticated methodologies (e.g., DCB) were evaluated 
in detail for along-track interferometry (ATI), displaced 
phase center antenna (DPCA) and space-time adaptive 
processing (STAP) techniques. It is shown in [4] that the 
DCB achieves better performance especially in terms of 
clutter suppression, whereas at the expense of a much 
higher computational effort. 
More recently, an external calibration algorithm for multi-
channel airborne SAR systems was presented in [5], 
through which is possible to estimate accurately: the an-
tenna baselines and attitude angles, among other parame-
ters. The algorithm is applied on range-compressed data 
(i.e., no azimuth compression is required) and relies on a 
previously measured antenna model for proper operation. 
It was designed for the new DLR’s airborne digital-
beamforming DBF-SAR system [6]. 
This paper presents a fast and efficient calibration algo-
rithm for multi-channel airborne SAR systems that is able 
to: 1) correct the phase and magnitude offsets among the 
RX channels; and 2) correct the Doppler centroid along 
slant range and azimuth time by using the attitude angles 
of the antenna array. Important parameters and offsets are 
estimated directly from the range-compressed data, and 
the estimation does not require an antenna model. Moreo-
ver, the computed offsets can be stored in the memory 
and be directly applied for the calibration of subsequent 
flights in order to speed up the processing time. 
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2 Calibration Algorithm 
The simplified flowchart of the proposed calibration algo-
rithm is depicted in Figure 2. The details about the main 
blocks are presented in the remainder of this section. 
 
 
Figure 2: Main steps of the proposed calibration method. 
2.1 Antenna Aperture Switching 
The antenna aperture switching technique can improve 
the ground moving target indication (GMTI) performance 
of radar systems by creating additional phase centers and 
larger baselines. However, this operation introduces a 
time delay that needs to be corrected [7]. The correction 
can be carried out in Doppler frequency domain by apply-
ing the following phase ramp to the radar data 
 
 𝜑AS(𝑓a) = exp{−2 ∙ 𝜋 ∙ 𝑓a ∙ Δ𝑡AS}, (1) 
 
where Δ𝑡AS = 1/(2 ∙ 𝑃𝑅𝐹) denotes the time lag intro-
duced by the F-SAR antenna aperture switching that con-
tributes to the effective along-track baseline and 𝑃𝑅𝐹 is 
the pulse repetition frequency. 
2.2 Antenna Patterns 
The envelope of the two-way diagram of the azimuth an-
tenna pattern can be estimated from the radar data by av-
eraging all available range bins 𝐾 for each Doppler fre-
quency bin 𝑓a 
 
𝐴(𝑓a, 𝑚) = √
1
𝐾
∑ |𝒛(𝑟k, 𝑓a, 𝑚)|2
𝐾
𝑘=1   , 𝑚 = 1, … , 𝑀,  (2) 
 
where 𝑚 denotes the index of the RX channel and 𝒛 de-
notes the multi-channel radar data. 
2.3 Magnitude Offsets 
The magnitude offsets can be obtained from the azimuth 
antenna pattern maxima according to 
 
𝜌1,m =
max(𝐷t𝐷r,1)
max(𝐷t𝐷r,m)
 , 𝑚 = 2, … , 𝑀,             (3) 
 
where 𝐷t  and 𝐷r,m are the TX and RX antenna character-
istics of the m-th channel, respectively, where the channel 
RX1 is assumed as reference. 
The magnitude offset correction can be carried out in time 
domain according to 
 
𝒛mag,corr(𝑟k, 𝑓a, 𝑚) = 𝒛(𝑟k, 𝑓a, 𝑚) ∙ 𝜌1,𝑚 ,         (4) 
 
where 𝒛mag,corr denotes the radar data after magnitude 
correction. 
2.4 Along-Track Baselines 
The X-band configuration of the DLR’s airborne system 
F-SAR has four RX channels aligned along azimuth [8]. 
The effective along-track baselines (i.e., |𝑑a1,2| = 0.1 m, 
|𝑑a1,3| = 0.2 m and |𝑑a1,4| = 0.3 m) are estimated from 
the radar data by using the slopes of the ATI phases along 
Doppler frequency [1]. It is pointed out that the physical 
antenna center separations are twice as long. 
2.5 Aircraft’s Motion 
The Doppler centroid variation is estimated along slant-
range and along azimuth time by considering the aircraft’s 
attitude angles: yaw, pitch and roll (cf. Figure 3). 
 
 
Figure 3: Aircraft’s attitude angles: yaw, pitch and roll. 
 
The F-SAR’s inertial measurement unit (IMU) provides 
the aircraft’s pitch, roll and heading angles with respect to 
the true North. The aircraft’s heading direction can be 
used for obtaining the yaw angle according to 
 
𝜃YAW,IMU(𝑡) = 𝜃HEADING,IMU(𝑡) − ?̅?COURSE ,       (5) 
 
where ?̅?COURSE denotes the aircraft’s mean flight course 
with respect to the true North, which is obtained accord-
ing to the GPS coordinates of the aircraft. 
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2.6 Squint Angle and Doppler Centroid 
The squint angle Ψsq and the Doppler centroid 𝑓DC are 
generally related as 
 
𝑓DC =
2∙𝑣p
𝜆
sin(Ψsq) .                      (6) 
 
The squint angle causes a range dependent Doppler cen-
troid shift, which especially for large squint angles can be 
clearly recognized in the range-Doppler domain as a J-
shaped pattern known in the literature as “J-Hook” [9]. 
The squint angle variation can be expressed for a left-
looking antenna as 
 
Ψsq(𝑟k, 𝑡) ≈ 
sin−1 [cos (𝜃i(𝑟k) + 𝜃ROLL,ANT(𝑡)) tan (𝜃PITCH,ANT(𝑡))  
+ sin (𝜃i(𝑟k) + 𝜃ROLL,ANT(𝑡)) ∙ tan (𝜃YAW,ANT(𝑡))] ,   (7) 
 
where 𝜃YAW,ANT, 𝜃PITCH,ANT and 𝜃ROLL,ANT are the yaw, 
pitch and roll angles of the antenna array, respectively. 
These attitude angles can be expressed respectively as 
 
𝜃YAW,ANT(𝑡) = 𝜃YAW,IMU(𝑡) + Δ𝜃YAW ,               (8) 
𝜃PITCH,ANT(𝑡) = 𝜃PITCH,IMU(𝑡) + Δ𝜃PITCH ,         (9) 
𝜃ROLL,ANT(𝑡) = 𝜃ROLL,IMU(𝑡) + Δ𝜃ROLL ,           (10) 
 
where 𝜃YAW,IMU, 𝜃PITCH,IMU and 𝜃ROLL,IMU are the yaw, 
pitch and roll angles of the aircraft, obtained from the 
IMU system. Therefore, the terms Δ𝜃YAW, Δ𝜃PITCH and 
Δ𝜃ROLL are the attitude angle offsets, which need to be 
estimated by the proposed calibration algorithm.  
In practice, the attitude angle offsets may arise due to an 
imperfect alignment of the antenna patches or elements, 
as well as due to the antenna pod’s mounting on the air-
craft’s fuselage (i.e., non-parallel with respect to the air-
craft’s longitudinal axis). 
The Doppler centroid variation can be expressed for a 
left-looking antenna as 
 
𝑓DC,ATT(𝑟k, 𝑡) ≈ 
2 ∙ 𝑣p
𝜆
[cos (𝜃i(𝑟k) + 𝜃ROLL,ANT(𝑡)) tan (𝜃PITCH,ANT(𝑡)) 
+ sin (𝜃i(𝑟k) + 𝜃ROLL,ANT(𝑡)) ∙ tan (𝜃YAW,ANT(𝑡))] . (11) 
 
Exemplarily, Figure 4 shows a SAR image obtained in 
the vicinity of Memmingen, in Germany, and the Doppler 
centroid variation estimated according to (11). This varia-
tion needs to be corrected by the calibration algorithm. 
 
 
 
Figure 4: (a) Focused SAR image and (b) Doppler cen-
troid estimated according to (11). 
2.7 Antenna Attitude Angle Offsets 
Two main steps are required for estimating the antenna 
attitude angle offsets (Δ𝜃YAW, Δ𝜃PITCH and Δ𝜃ROLL): 
1. A reference Doppler centroid of the scene 𝑓DC,REF(𝑟k, 𝑡) 
is estimated according to the reference channel RX1 (e.g., 
by using the energy balancing method proposed in [10]); 
2. The antenna attitude angle offsets are obtained by 
means of multidimensional minimization (e.g., using the 
downhill simplex method [11]) 
 
argmin∆𝜃̅̅ ̅̅ {max (‖𝑓DC,REF(𝑟k, 𝑡) − 𝑓DC,ATT(𝑟k, 𝑡, ∆𝜃̅̅̅̅ )‖)} , (12) 
 
where 𝑓DC,REF(𝑟k, 𝑡) is estimated from the radar data and 
𝑓DC,ATT(𝑟k, 𝑡, ∆𝜃̅̅̅̅ ) is obtained from (11). The ∆𝜃̅̅̅̅  depend-
ency, denoted here explicitly, follows (8)-(10). 
2.8 Phase Offsets 
In practice, phase offsets can be introduced by the hard-
ware of the radar system (e.g., connectors, cables with 
different lengths, thermal variation of the receiver’s trans-
fer functions, among other sources). The phase offset of 
each channel 𝑚 with respect to RX 1 (i.e., 𝜑1,𝑚,offset) is a 
constant which can be estimated for the calibration flight 
and stored for later use. It is a property of the antenna as-
sembly to be updated if e.g. cables are exchanged, and 
then assumed to be invariant between subsequent flights.  
At least four main steps are necessary for estimating the 
phase offsets (𝜑1,𝑚,offset) from the radar data: 
 
1. Obtain the radar range-compressed data; 
2. Select a data patch containing homogeneous clutter; 
3. Compute the ATI phases for each pair of RX channels 
according to 
 
Δ𝜑1,𝑚(𝑟k, 𝑡) = 𝜑1(𝑟k, 𝑡) − 𝜑𝑚,reg(𝑟k, 𝑡) ,        (13) 
 
where 𝜑𝑚,reg are the phases of the co-registered signal. 
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4. Estimate the phase offsets by obtaining the average 
value of the ATI phases 
 
𝜑1,𝑚,offset = Δ𝜑̅̅ ̅̅ 1,𝑚(𝑟k, 𝑡) .                    (14) 
2.9 Phase Correction 
The phase correction (assuming the channel RX1 as refer-
ence) can be carried out in time domain according to 
 
𝒛ATI,corr(𝑟k, 𝑡, 𝑚) = 𝒛(𝑟k, 𝑡, 𝑚) ∙ exp{j∆?̂?1,𝑚(𝑟k, 𝑡)} , (15) 
 
where 𝒛ATI,corr denotes the radar data after the phase cor-
rection and ∆?̂?1,𝑚(𝑟k, 𝑡) denotes the theoretical ATI phas-
es estimated for each pair of RX channels according to 
 
∆?̂?1,𝑚(𝑟k, 𝑡) = 
4∙𝜋
𝜆
∙ [𝑑a1,𝑚 ∙ sin (Ψsq(𝑟k, 𝑡))] + 𝜑1,𝑚,offset ,                (16) 
 
where the squint angles Ψsq(𝑟k, 𝑡) are obtained according 
to (7) and the offsets are the constants estimated before-
hand (e.g., for the calibration flight). It is important to 
mention that the squint angles used for the Doppler cen-
troid correction and for the phase correction are the same. 
3 Experimental Results 
The proposed calibration algorithm was evaluated based 
on real multi-channel X-band radar data acquired with the 
DLR’s airborne system F-SAR [8]. The flight campaign 
was conducted over the Memmingen’s Allgäu airport, in 
Germany, in February 2007. A detailed experiment de-
scription and the radar parameters are found in [12]. 
In the post-Doppler (PD) STAP processor [13], the beam-
formers are applied using DOA angle steps of 0.05° with-
in an interval determined by the azimuth antenna beam 
width. In the constant false alarm rate (CFAR) detector, 
the probability of false alarm is set to 𝑃fa = 10
−6. 
Figure 5 shows the GMTI results obtained with and 
without the proposed calibration algorithm, where the 
colors of the radar detections (circles) are related to their 
estimated ground range velocities. It has to be mentioned 
that the cars 1 to 4 moved on the edges of the airport’s 
runway and car 5 moved off-road (in circles). 
Figure 5a shows the GMTI results obtained without cali-
bration. In this case, the phases and magnitude offsets, as 
well as the Doppler centroid were not corrected, resulting 
in systematic phase errors that extended along range and 
azimuth. Indeed, it is expected that the calculation and the 
application of the CFAR detection thresholds based on the 
heterogeneous clutter model presented in [14] would fail, 
resulting in several false detections. Furthermore, none of 
the cars are detected and wrong position and velocity es-
timates are obtained. Clearly, Figure 5a shows that the 
PD STAP performance is not acceptable without proper 
calibration. 
Figure 5b shows much cleaner GMTI results obtained by 
applying the proposed calibration algorithm, where all the 
cars are detected several times and a few false detections 
are obtained. It is pointed out that most of the false detec-
tions can be discarded by using the PD STAP processor 
with a priori knowledge information presented in [13]. 
Figure 6 shows the histograms of interferometric phases 
obtained between channels RX1 and RX2 with and with-
out calibration (i.e., for the scenarios shown in Figure 5). 
The histogram obtained without calibration (blue) appears 
shifted by a phase offset (𝜑1,𝑚,offset = 153°) and slightly 
skewed, which are typical effects of uncalibrated data [1]. 
The histogram obtained after applying the proposed cali-
bration algorithm (red) is centered at zero degree (i.e., the 
phase offset is corrected) and presents lower variance. 
To conclude, the lack of data calibration affects not only 
the position and the velocity estimates of the targets, but it 
also prevents the estimation of accurate CFAR detection 
thresholds, which results in an increased number of false 
detections. Therefore, calibration is crucial for a proper 
operation of the PD STAP processor. 
 
 
Figure 6: Histograms of interferometric phases obtained 
between channels RX1 and RX2 for calibrated (red) and 
uncalibrated data (blue) (cf. scenarios shown in Figure 5). 
4 Conclusions 
This paper presents the efficient calibration algorithm that 
is applied to our PD STAP processor for traffic monitor-
ing. The proposed algorithm corrects not only the phase 
and magnitude offsets among the RX channels, but also 
the Doppler centroid by taking into account the “J-Hook” 
over slant range and the aircraft’s motion over time. It is 
evaluated based on real multi-channel X-band data ac-
quired by the DLR’s airborne system F-SAR. 
In the final version of this paper, the proposed calibration 
algorithm will be compared with the state-of-the-art DCB 
technique in terms of GMTI results (e.g., number of true 
detections and signal-to-clutter plus noise ratio - SCNR), 
processing time and phase correction accuracy, which is 
important for obtaining accurate target’s phase estimation. 
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Figure 5: Google Earth images overlaid with radar detections (circles) obtained from real multi-channel X-band data: 
(a) without and (b) with calibration using the proposed algorithm. Clearly, the PD STAP performance is not acceptable 
without calibration. 
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